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LwMMAIw

Ithasbeenwidelyacceptedrecentlythatstatisticalmethodsof
investigationarenecessaryformeaningfulworkinstudiesonthefatigue
ofmetals.Thestatisticalnatureoftheendurancelimitwasfirst
demonstrateed intheMetalsResearchLaboratory,CarnegieWstituteof
Technolo~,lessthan5 yearsago. A subsequentstudyshowedthatfor
steelthechiefmetallurgicalvariableinfluencingthestatistical
naturewasthenonmetallicinclusioncount.

Thepresentinvestigationutilizedthestatisticalmethods‘developed
inpreviousresearchto studythescatterfoundinaluminumalloysand
‘theeffectofthemorpholo~ofthecarbidephaseonthescatterina
eutectoidsteel.Thescatterinfatiguelifefor24Sand75Saluminum
wasfoundtobe comparablewiththatreportedpreviouslyforsteel.As
wasfoundinpreviousinvestigations,thescatterincreasedwith
decreasingstresslevel.A pronouncedeffectofmicrostructurewas
foundwhena coarsepearliticstructurewascomparedwitha coarse
spheroidizedstructureinthesamesteelwiththesametensilestrength.
Thescatterfromthepearliticstructurewassignificantlylessthan
thatinthespheroidized,thisresultbeingattributedtothestress
concentrationproducedby thesharpcarbidelamell.ae.

INTRODUCTION

At CarnegieInstituteofTechnolo~,underthesponsorshipandwith
thefinancialassistanceoftheNationalAdvisoryCommitteefor
Aeronautics,a specialpro~amwasdesignedto studythestatistical
natureofthefatigueofmetals.Thefirstphaseofthisprogram,the
resultsofwhichwerereportedinNACATN 2~9, wasconcernedprincipally
withla@ng thefoundationforstatisticalinvestigationsoffatigueand
determiningthemetallurgicalvariableswhichwereof importanceinpro-
ducingthestatisticalvariation.Thefatiguebehaviorof severalferrous
materialswasstudiedandstatisticalmethodswereusedto analyzethe
data.Theresultsobtainedindicatedthatfatiguedataareamenableto
statisticalanalysisandthatstatisticalmethodsallowa moreprecise
descriptionoffatiguebehaviorandevaluationofthemeritofparticular
data. Itwasshownthatforsteelthechiefmetallurgicalvariable
influencingthestatisticalnaturewasthenonmetallicinclusioncontent.
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Theinvestigationwasthencentinuedwiththepurposeofevaluating
1,

theeffectofmicrostructure(carbidemorphology)onfatiguescatterin
a eutectoidsteelandstudyingthestatisticalvariationincommercial
alumiilumalloys.Thepresentreportcontainstheresultsofthisphase

?1

oftheexperimentalwork. Thestatisticalmethodsdevelopedpreviously
wereutilizedinthepresentinvestigationwhichincludeda studyofthe
fatiguepropertiesandtheirstatisticalvariationofa eutectoidsteel
heat-treatedto pearliticandspheroidizedstructures-ofthesame
tensilestrengthandofthestatisticalvariationoffatigueproperties
ofcommerciallypurealuminum(2S)and24Saluminumalloyheat-treated
to twodifferentstructures.

LITEWWRE REVIXW

PreviousinvestigationsintheMetalsResearchLaboratory,Carnegie
InstituteofTechnolo~,haveestablishedthefactthatboththefatigue
lifeandendurancelWt aresubjecttomarkedvariabilityandtherefore
mustbe s’tudiedstatistically.RansomandMehl(ref.1)firstshowed
thestatisticalnatureoftheendurancelimitandEpremianandMehl
(ref.2) systematicallystudiedtheeffectofmetallurgicalvariableson G
boththeendurancelhit andthefracturerangeoftheS-Ncurve.They
foundthatforthesteelsstudiedthechiefmetallurgicalvariable
influencingthestatisticalnatme wastheinclusioncontentofthesteel. 0
However,itwasfoundthatfora givenheatofSAE4340steel(i.e.,ata
givencompositionandinclusionrating)thevariabilityoftheendurance
limitwasmarkedlyaffectedby themicrostructure.No significantdiffer-
encewasobtainedbetweenthefatiguelivesinthefracturecurve.A
quenchedandtemperedstructureyieldedgreaterdispersionintheendur-
ancelimitthana quenchedandspheroidizedstructure.However,since
thetwostructureswereat differenttensilestrengthlevels(168,000psi
and103,000psi),no directlycomparableconclusionscouldbe drawncon-
cerningtheeffectofthevariableofmetallurgicalstructure.

Moreover,itwasfeltthattheeffectofthemorphologyofthe
cementitephaseonthefatiguepropertiesshouldbe definitelyestab-
lished,thistimewithbothstructuresatthesamestrengthleveland
withtwostructuresofwell-definedcarbidedistributions.Gensamerand
coworkersinthislaboratory(ref.3)haveshownthatthetensileprop-
ertiesdependprimarilyuponthemeanfreeferritepathirrespectiveof
theshapeofthecementiteparticles.Infatigue,however,itmightbe
expectedthattheendurancelimitwoulddependupontheshapeofthe
secondphaseaswellas itsdistribution.h keepingwithcurrent
theoriesoffractureitmightwe~ be proposedthatfatiguefailurein ,.,
a steelwitha ferrite-cementitestructur:initiatesbyfractureofa
brittlecementiteplateletorby formationofa crackatthecementite-
ferriteinterface.Fromthedifferencesinthegeometryoftheparticles $-l
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itwouldseemthatcement”itelsmelJaeshouldfracturemoreeasilythan
spheroids.Thus,infatigue,wheretheductflity ofthemetalhasless
opportunisty to exertitsinfluenceindissipatingstressconcentrateions
thanunderstaticloads,itmightbe expectedthatlamellarpe~lite
wouldhavelowerfatiguepropertiesthana spheroidalstructurewith
equivalentmeanfreeferritepath.

Recentworkby Grant(ref.4)withfatifietestsonflakeand
nodularcastironhasbornethisoutforthosematerials.Testson
flakeandnodularironsofcomparabletensilestrengthsshowedthatthe
latterhadhigherendurancelimits.Inthenotchedorgroovedcondi-
tIontherewasno advantageforthenodularstructure.Grantmadeno
studyofthestatisticsoffatigue.

Onlyverylimitedinfomationonthestatisticsofthefatigueprop-
ertiesofaluminumanditsalloysexistsintheliterature.Ravilly
(ref.~) conductedtorsionalfatiguetestson 200annealedaluminum
spectiensandfoundthatthescatterwassomewhatlessthanthatfor
similarspecimensofannealedsteelandArmcoiron.YenandDolam
(ref.6) in investigatingtheeffectof shorttimerestsandannealson
75s-T6alloytesteda sufficientnumberof specimenstomakea statisti-
calanalysisoftheirdata.Recently,additionaldataonthefatigue
statisticsofthisWoy havebeenpublishedby DolanandBrown(ref.7)
fornewstresslevels.Themechanical.propertiesofthematerialare
identicalinbothreports,theonlydifferencebeingan increaseinthe
dismeterofthetestspecimenfrom0.140inchtoO.1~0inchinthelatter
work. Logarithmicmeanlife ~ andthestandarddeviationu have
beencalculatedfromeachofthesesourcesandarepresentedintableV
andfigure~. Theirresultswillbe discussedinconjunctionwiththe
dataobtainedinthisinvestigationina latersectionofthisreport.

An interestingtheoryrecentlyproposedbyLunchick(ref.8)may
throwadditionallightonthereasonsforscatterinfatiguelife. In
thistheorytheindividualgrainofthematerialisconsideredtobe the
basicstructuralelementinwhichfatiguefailureoccurs.Bragg*s
hypothesis,thattheelasticstrengthofa grainvariesinverselywith
themeanfreepathforslip,isbasictothistheory.Thusjitispro-
posedthatmicroscopiccracksresultframslipwithinthosegrainswhich
arelargerthansomecriticalgrainsizefortheparticularstresslevel.
Usingexperimentalevidencethatthegrain-sizedistributionofannealed
aluminumisnormalforlogN, a mathematicalcorrelationismadebetween
thestrengbhofthemetalandthestructure.Consideringthefinite
fatiguelifetobe controlledby thenuniberofmicroscopiccracksiniti-
atedandtherateofpropagationofthesecracks,it isshownthatthe
fatiguelifeisincreasedby (a)decreasingthemeangrainsize,
(b)makingthematerialmoreuniformingrain-sizedistribution,and
(c)decreasingthevolumeofmaterialsubjectedto stressesabovea
givenreferencestress.

-.. ——.. ..— .. . .. .. . .._ ._ _ _ _______ —— _-—
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Thescatterinfatiguelifeat constantstresslevelisexplained +>

variationinthenumberofmicroscopiccracksinitiatedat a given
stress.Thislatterquantityisbelievedto dependonthegrain-size
distributionovertheplanesoffailure.

b
Thus,accordingto thistheory

thescatterinfatiguelifeforgeometrically+imilarspecimensis due
primarilyto changesinthestructureofthematerialontheplaneof
failurewhichmaybe expressedintermsof changesofmean@sin size
or standarddeviationofthe-in-size distribution.Itwouldfollow
thatthe.specimenswithlongerlife, logN + 2u, wouldbetheones
withfinergrainsizeand/ormoreuniformdistributionofgrainsize.

Lunchickpresentedlittleexpertientalevidenceinsupportofthis
theory.No considerationwasmadeof suchfactorsasgrainorientations
andgrain-boundaryconstriction.Informationonmain-sizedistribution
andrateof crackpropagationis scantyandoftenunreliable.Further,
Bragg’shypothesisuponwhichthetheoryisbasedcanonlybe con-
sidereda broadgenemlizationandnotan exactlawofnature.Thetheory
asproposedisvalidonlyforsingle-phasealloys,suchas annealed
aluminum,althoughpresumably,by substitutingmeanfreepathforslip
inplaceofgrainsize,itcouldbe qualitativelyetiendedtothecase
of someage-hsrdenedaluminumalloysandferrite-cementiteaggregatesin
steel.Thisisnottobe considereda conclusivetheorybutonewhich ~.

mayserveasa springboardforfutureinvestigations.Itispossible
thatthebasicphilosophyinthisapproachcanbetestedbyworkon
singlecrystals. m

ExPEmmNTALWORK

TestSpecimens

A plaincarboneutectoidsteelofthefollowingchemicalcomposi-
tionwasusedforthefirstphaseofthisinvestigation:

,
c Si Mn s P Cr

0.78 0.22 0.27 0.016 0.o11 0.%

Thesteelwasreceivedas5/8-inch-diameterrounds,cutintofatigue
blanks,andheat-treatedby theproceduresdescribedbelow.R. R.Moore
rotating-beamfatiguespecimensof 0.300-inchdiameterwitha ~-inch
radiusweremachinedfromtheseblanks.Thespectienswererough- ‘J

machinedinfourcuts,usinga finecutforthelastpass. Theywere
thengroundto within-0.031-inchofthefinal
polishedwithNos.18o,400,and600abrasive

d3mensi&mandthen
tape,usingalternate e
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passesat45°
that thefine

andparallelwith‘theaxis. Thefinalpolishwassuch
scratchesraninthelongitudinaldirection.

!5

The.aluminumspecimenswerepreparedfrommaterialofthefollowing
composition:

C!u Fe Si Mn m Ti Al-

2s Oo11 0.60 0.13 0.005 ooo~ 0.01 Bal.
24s 3.93 .20 .09 .59 l.~ .03 Bal.

Thesewerecommercialmaterialsobtainedthroughthecourtesyofthe
AluminumCompanyofAmerica.Cantileverfatiguespecimensofrectangular
crosssectionofthessmetypeanddimensionsasthoseusedby Epremian
andMehl(ref.2)weremachinedfromtheas-receivedmaterial..The
dimensionsatthemaximumstresssectionnearthefilletwere0.300by
0.500inch.Residualstressesimposedby the-millingoperationwere
removedby heat-treatingsftermach~. The~ec@~ werethen
carefullyhand-polishedonNos.1,1/0,2/0,and3/0metallographic
polishingpapers,usinga liberalamountofparaffindissolvedin
keroseneas a lubricant.Thespecimenswerepolishedinthelongitudinal
directionsothatthefinescratcheswereparalJelto thedirectionof
theprincipal.fiberstresses.

Afterpolishing,thecriticalareawascoveredwithelectrical
scotchtapeandmaskingtapeandthegripportionofthespecimenwhich
isclampedintheholderofthefatiguemachinewaslightlyshot-peened.
Thiswasnecessarytopreventprematurefailureintheclampedportion
ofthespecimenduetofret-corrosionfatigue.Thesamedifficultywas
experiencedby l?premianandMehlwithsteelspecimens.Itmaynowbe
concludedthatthisisa necessaryprecautiontobe takenwithall
specimenstestedinthistypeofvibrating-cantileverfatiguemachine.

TestEquipmentandProcedure

TheeutectoidsteelspecimensweretestedonfourR.R.Moore
rotating-beammachihesat speedsbetween8,OOOand10,000rpm. The
weightswereaccuratelycalibratedandtheeffectivedeadweightwas
determinedforeachmachine.Theweightswereappliedwiththemachine
atrestandthemachinewasthenbroughtupto speed.Themachineswere
equippedwitha setscrewdevicewhichactuateda relaywhena small
deflectionofthespecimenoccurred.Thusthespecimenswerenotrunto
completefailurebuttothepointwherea crackformed,varyinginsize
fromthatnotvisiblewithouta microscopeto aboutonequarterthrough
thedisneter.Testsshowedthattherewasno significantdifference

— . ——..———. .. _...._ _. -——.——— .—.. ___________ .
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betweenthiscriterionforfailureandcompletefracture.Withfractures ti
ofthistypeitwashopedto obtainbettermicroscopiccorrelationbetween
theactualfailureandthemetallurgicalstructure.‘I’heminimumdiameter,
ofthespecimenswasmeasuredopticallyona co?hptmatorto 0.0001inch. r,
Allspectienswereexaminedmicroscopicallyat 100diametersbefore
testingforcircumferentialscratchesandothersurfacedefects.The
criterionfora nonfailureintheendurancerangewastakenas 2.5x 107
cycles,althoughseveralspecimenswererunto 5 x 107’cyclesto seeif
therewasanytendencyfordelayedfailure.

Theappliedstresswascalculatedby the

s . M& _ 16PL
I flti

where

s appliedstress,psi

M bendingmoment,in-lb

forlmiLa

.

c distancefromoutermostfiberto neutralaxis,in.

I momentof inertia,in.4

P totalappliedload,lb

L leverarm,in.

D dismeterof specimen,in.

Theaveragepercentageerrorin stresswasabouttO.7percent.

Thefatiguetestsonthealumi.pumalloyswereconductedinsix
General.RectricCompanypneumaticvibrating-cantilevermachineswhich
werepreviouslydescribedby Quinlan(ref.9)andEpremianandMehl
(ref.2). Thismachinepneumaticallyvibratesa cantileverspecimenat
itsnaturalfrequencyofvib-tion.Thecriterionforfailureisthe
formationofthefirstsmallcrack,correspondingto a dropinthenatural
frequencyofthespecimenofabout2 percent.

Thestressappliedtothesespecimens
(seeref.2 forderivation)

s = K&f2

wascalculatedby theequation
r,

*



NACATN3019

where K isa constantdetemninedby thedimensionsofthespecimen
anditsexperimentallydetermineddeflectioncurve,& isthesemi-
amplitudeofvibrationatthefreeendofthespecimenininches,and
f isthenaturalfrequencyofvibrationincyclespersecond.The
stressequationsobtainedwere:

24S-0: S = 18.35A#

24s-T4: S = 18.40&f2

2s: S =’16.56&f2

Theaveragepercentageerrorsin stressfor24S-T4,24s-0,and2s speci-
menswere*2.5.percent,*3.25percent,sadt4.Opercent,respectiveQr.“‘32hisisduetothefactthatthepercentageerrorisa functionofthe
maximumamplitudeofvibration,whichwasconsiderablylowerforthe
24s-0and2S SpeCilELIS.

Heat~reatmentsandMechanicalProperties

Considerableeffortwasspentindevelopinga heattreatmentfor
theeutectoidsteelwhichWouldproducethestructuresdesired(i.e.,
coarsepearliteandcoarsespheroidite)withthesametensilestrength
foreachstructure.Sincea largenumberof specimenswereinvolved,
about200foreachstructure,anduniformityof structureandproperties
wasessential,itwasnecessarytohavetheheattreatmentmadeinlarge
batchesby a camnercialfirm. Thesmalldifferenceintensilestrengths
betweenthetwostructuresresultedfromthedifficultiesh correlating
large-scalecomercialheattreatmentswithlaboratoryresults.

Thespheroidizedfatigueblankswereaustenitizedat845°C for
1 hourandquenchedinoiltoproducea martensite-finepearlitestruc-
tureamenableforspheroidizing.Theblankswerethenspheroidizedin
a high-temperaturesaltpotat 685°C for15hoursandwater-qzenched.

Thepearliticspecimenswereaustenitizedat845°C for1 hourand
thentransferredrapidlytoa saltpotat 705°C andisothermallyreacted
for20hours.Theywerethenair-cooledto roomtemperature.

Fatiguespecimensweremachinedfromtheheat-treatedblanksinthe
manner.describedintheprevioussection.Thepolishedfatiguespec~ns
werethenstress-relievedfor1 hourat593°C (1,100°F) in a vacuum

— —

furnace.No evidenceofoxideformationor
resultedfromthistreatment.

Theresultingmechanicalpropertiesof
intableI. Theresultsaretheaverageof
structure.

other-surfacereaction

thetwostructuresaregiven
10tensiletestsforeach
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Thealuminum-alloyspecimenswereheat-treatedaftermachining. ,!
Thiswaspossiblebecauseofthesin@e shapeofthefatiguespecimens
andtherelativelylowtemperaturesused. Thenaturalagedtemper(24s-T4) ~
wasproducedby solution-heatingat490°C for2 hoursandquenchingin
w@er.-.Nodistortionwasproducedby thistreatment.Thespecimens
werethenagedatroomtemperatureto a stabilizedcondition(i.e.,one
inwhichno changeinwardnesswasfoundafter2weeksofaging).They
weretheneareflillyhand-polished,shot-peened,andtested.

Theannealedspecimens(24S-0)wereproducedby heatingat420°C
for8 hoursandthenslowlycoolingovernightinthefurnace.This
resultedina veryfineprecipitateuniformlydistributedthroughoutthe
alloy.

The2S specimensweremachinedandpolished,as outlinedabove,and
thengivena stressrelieffor2hoursat 200°C. Thisdidnotproduce
a fullyannealedcondition,aswouldhavebeendesired,butratherpro-
ducedthesofteststructurewhichcouldbe testedinthepneumatic
machineswithoutexcessivework-hardeningproducingchangesinthe
deflectionamplitudeduringtheprogressofthetest. Thestructure
consistedofthegrainselongatedinthelongitudinaldirectionofthe
specimen.Themechanicalpropertiesresultingfromtheseheattreat-
mentsaregivenintableII.

EXPENMENTMRESULTSANDANALYSIS

EutectoidSteel

Thefatiguestatisticsfortheeutectoidsteelarepresentedin
tableIIIandtheS-Ncurvesplottedinfigures1, 2,and3. The
statisticalmethodsusedwereoutlinedby EprmianandMehl(ref.2).
Twentyspectiensweretestedat eachstressandthelogarithmicmean
life,meanlife(antilogarithmoflogN),standarddeviation,standard
estimateoferror,andrelativestandarddeviationweredetermined.

Thestatisticsoftheendurancelimitwereobtainedbytheprobit
methodas describedby Finney(ref.10)andEpremismandMehl. Briefly,
probitanalysisisa statisticalmethodfortreatinga “go- no-go”type
ofdistribution,suchas isencounteredwithintheendurancerange.Here,
it isnotthenumberof cycleswhicha spechenundergoeswhichisof
importance,butthecriterioniswhethera specimenfailsorrunsout.
Ifthedistribtiionofpercentfailurewithst~essisnormal,a straight
linewillbe obtainedwhentheyareplottedonprobabilitygraphpaper.
Ifthepercentageoffailuresareconvertedto probits,usingthetables
availableinFinney’sbook,andtheprobitofpercentageoffailuresis
plottedagainststressonCartesiancoordinates,thecharacteristic
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probitplotisobtained.Thebeststraightlinethroughthepointshas
thefolJowingequation:

Y=5+ *(S-S)

where

a standarddeviationof endurancelimit,psi
\

5 meanendurancelimit,psi

s level of stress,psi

Y probitofpercentageoffailmxes

5 probitof50 percentoffailures

correspondingto stressS

Itshouldbe_evidentfromtheaboveequationthatthemean
endurancelimit S isthestressatwhich50percentfailuresand
50percentrun-outsareobtained.Also,theslopeoftheprobitline
isthereciprocalofthestandarddeviationofthemeanenduranceMnit.
Inapplyingtheprobitmethod,a provisionalcurveisdrawnthroughthe
pointsandthencorrectedby ananalyticalmethodof successiveapproxi-
mationsuntilthebestfitisobtained.The X2 testforgoodnessof
fitisthenappliedtothefinalprobitregressionlineto seeM it
satisfiesthecriterionofa normaldistribution.

Figure1 showstheS-Ncurveforthespheroidizedeutectoidsteel.
ItwilJbe notedthatthefracturecurve(finitelifeportion)hasthe
sigmoidshapeobservedby EpremianandMehl(ref.2)foralloftheir
steelsandstructures.Unfortunately,therangeofstresswhichcould
be studiedwaslhitedby severeheatingofthespecimenat stresses
above47,500psi. Thegenerationofheatwithinthespecimenwaspro-
nouncedevenwhenthefatiguemachineswereoperatedat a slowspeedof
4,500rpmandisevidenceof elastichysteresiswithinthematerial.
Itshouldbe notedthatthestressatwhichthisheatingbecamepro-
nounced,50,000psi,iswelJ-belowthestaticyieldpointofthesteel}
~,ooopsi.

Figure2 showsthefatiguestatisticsforthepearliticeutectoid
steel.Itwlid.be notedthatthescatterinfatiguelife,as denotedby
the*2u limits,ismuchsmallerthanthatforthepreviouscurve(fig.1).
Also,thiscurvedoesnothavea sigmoidshape.No explanationis
offeredforthedifferencesintheshapesofthesecurves.However,it
shouldbe notedthat,outofthesixdifferentferrousmaterialsstudied
statisticallyinthislaboratory,thisisthefirstinstancewherea
sigmoidcurvewasnotobtained.

- --— .. _ ___ .______ .. ._____ ____ _ ____
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TheF test(ref.U) forthecomparisonofthevariabilitiesoftwo
setsofmeasurementswasappliedtothestandarddeviationsforeach
structureat a seriesof stressesto seeM .*hescatterc~ed si@fi-
cantlywithstresslevel.Briefly,theF testconsistsoftakingthe
ratioofthesquareofthestandarddeviatiotioftwosetsofmeasure-
ments.B?thevalueofthisratioisweaterthanthevaluegivenin
tablesoftheF distributionfortheparticularconfidencelimitand
degreesoffreedom,thenthetwostandarddeviationsdiffersignifi-
cantly. Itwasfoundthatforboththesyheroidizedandpearliticstruc-
turesthescatterinfatiguelifeincreasedsignificantlywithdecrease
in stresslevel.It shouldbe notedforthespheroidizedstructurethat
onlythestressof47,500psiwasoutsideofthestatisticalrangeof
theendurancelimit.Thus,atlowerstressesthestatisticsoffinite
lifearebasedonlyonthenumberof specimensoutofthe20testedat
thatstresswhichfailed.Thestatisticsatthestresseswhereless
than85percentofthespectiensfailedme thusnotsoreliableasthe
otherdatabutareincludedonlyto indicatethetrendasthestress
levelisdecreased.

Onecriticismofthestatisticalmethodsused”intreatingfatigue
datahasbeenthatactuallytwodifferentdistributionsareconsidered,
a distributionof logN againststressinthefinite-liferegionanda
distributionof stressagainstpercentagefailureintheeddurancerange.

c

ActuaJly,itisonlyatthesmallrangeof stressnearthe 2u limitof
themeanendurancelimitwherethisproducesdifficulty.At thesestresses .
thereisno chanceof includingrun-outsinthefracturestatistics.
ActusXly,thesplitbetweenfracture-cumestatisticsandendurance-limit
statisticsisnotquitesoarbitraryas itwouldappearatfirstglance.
Itcertainlydoesmakesensefromthedesignstandpoint.Thefirstques-
tionthata desi~erwouldaskis,at a givenstress,willthepartbreak
or runout? Forhisanswer,he hasody to look.atthe endur~ce-l~t
statisticsto findtheprobabilityofa run-out.Iftheprobabilityfor
a ~-out issmall,hisnextquestionis,atwhatnumberofcycleswiU
itbreak?Theanswerto thisquestionisfoundfromthefinite-life
statistics.

Thedifferencesinfatiguepropertiesdueto themdrpholopyofthe
cementitephaseareevidentfromfigure3. Althoughbothstructureshad
shost identicaltensilestrengths,themeanendurancelhnitofthe
pesrliticstructureismuchlowerthanthatofthespheroidizedstruc-
ture. Also,thescatterforthepesrliteinboththefracturerange
andendursmcelimitis seentobe less.

Thevariabilityinfatiguelifeofthetwostructureswascompared
at equalpercentagestressabovetheirmeanendurancelimits,soasto
takeintoconsiderationthechangeof scatterwithstresslevel,using
theF test. Thepearliticstructurewasfoundtohavesignificantly
smallerscatterstatistictiy.
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Thedifferencesinthevariabilityoftheendurancelimitsofthe
twostructuresweretestedby themethoddevelopedby E@remianandMehl
(ref.2). Thismethodutilizesthet testindeterminingthesignifi-
canceofdifferencesinvariabilityoftheslopeoftheprobitline. No
significsmtdifferencebetweenthetwostructureswasfound.Thisis
surprisinginviewofthefactthatEpremianandMehlfoundthatthe
variabilityoftheendurancelimitwasmoresensitiveto changesinstruc-
turethanthevariabilityinfinitelife. Itwillbe rec~ed fromthe
briefdiscussionofprobitanalysisthata requirementofthismethodis
thatthefinalprobitlinesatisfiesthe X2 testfora normaldistribu-
tion.Whenthe X2 testwasappliedto theprobitlineforthesphe-
roidizedstructure,a probabilityof P = 0.50 wasobtained.TMS IWELIIS

thatthereisa 90-percentprobabilitythata fitto a normaldistribu-
tionasbadas orworsethanthatobtainedmightoccuxbecauseof chance .
variationsof sampling.StatisticiansgenersJlyregarda valueof
P < 0.05 as indicatinga poorfit.

Theprobitlineofthedataforthepearliticstructurelistedin
table111didnotmeetthe X2 test. Theprobabilityobtainedwas
P = 0.01. Inanalyzingthedata,it isseenthat90-percentfailures
wereobtainedatboth36,000and35,000psi. Also,it isseenthatthe
twoloweststressesproducedvaluesatthelowerendofthedistribution.
Therearti;threepossibleexplanationsforthisresult.Thedistribution
ofpercentageoffailureswithstresslevelmaynotbe normal.forthis
case,someunrecognizableexperimentaldifferencesmayhavebeenpresent
at 36,0c0psi,orthedistributionisnormalbutrepresentstheimprob-
ablebutneverthelesspossibleresultwhichwouldbe obtainedabout
1 timeoutofevery100determinations.Thefactthatanwort~te
selectionof stressesresultedinplacingthebulkofthepointsatthe
twoextremesofthedistributionmayhaveexaggeratedthedeviation-from
normality.

It isthoughtto be improbablethatthefirstconclusioniscorrect,
sincethebacklogof experiencein,thislaboratoryhasshownthath
everyothercasethedistributionofstresswithpercentageoffailures
hasbeennormal.Thepossibilityofthedistributionbeingnormalwith
respectto logS wasinvestigatedforthiscase,butnobetterfitwas
obtained.

Thepossibilitythatsomeunrecognizedexperimentaldifferencewas
presentforthetestsat 36,o0opsiispossible,althoughrecheckofthe
datarevealedno significantdifferenceinhardnessofthespecimensat
thisstressandnothingunusualinthetestprocedurewasyecordedin
thetestlog. HoweverjexsminationofthedataintableIIIshowsthat
thestandarddeviationalmostdoubledbetween36,000and35,000psi.
Experience,borneoutby thedataforthespheroidizedstructure,shows
that u oftenincreasesgreatlywhenthestressiswithintheendurance
range.Iftheprobitregressionlineisredetermined,assuming

—.. .. . .—.—________ . -L—
.,,
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“100-percentfailureat 36;000psi,the*X2 testgivesa probabilityof
p s 0,30,th~ satisf@ngtherequirementofa normaldistribution.!?he
meanendurancelimitispracticallyunchangedforthissituation,but
thestandarddeviationoftheendurancelimitdecreasesfrom960psito
570psi. Withthislowervslueof u,thereisa statisticallysignifi-
cantdifferencebetweenthevariabilityoftheendurancelimitofthe
spheroidizedandpearliticstructures>as dete~d by thet test.

However,sincethereis no strictJustfiicationfortheab~e con-
clusion,theviewwhichh- beenadoptediSthattheobservedres~t is
a freakaccidentof samplingwhichwouldshowa normaldistributionand
probablya smallerstandsrddeviationifrepeatedwith.additionalidenti-
calspecfiens.

AluminumAlloys

Thefatiguestatisticsobtainedinthisinvestigationfor24SaJJ-oy
intwoheat-treatedconditionsand2SsluminumarepresentedintableIV
andplottedinfigure4. Additionalstatisticswhichwerecalculated
fromrecentpublisheddatafor75SalloyaregivenintableV and
plottedinfigure5. Thesedataserveto confirmthefindingsofthis
investigationandprovideinformationonanotherparticularlyimportant
aluminumslloy.

ForallofthespalloysapplicationoftheF testshowsthatthe
scatterincreasessignificantlywithdecreaseinstress.Therefore,in
comparingthescatterinfatiguelifebetweenthealuminumalloysand
othermaterials,itisnecessarytomakethecomparisonsatequivalent
stresslevels.Thiswasdonefortheeutectoidsteelby applyingthe
F testto thedataat stresseswhichwereequslpercentagesofthe
enduranceMmits ofthetwostructures.Unfortunately,comercial
aluminumalloysshowno endurancelimitbutratherhavean S-Ncurve
whichslowlydecreasesinstresswithlargeincreasesinthenumberof
cyclesto failure.No tidicationthatanendurancelimitexistsfor
thesematerialswasfoundwhena largenumberof spectiensweretested
atratherlowstresses.Sincetheresultswhichwouldbeobtainedby
comparingstandarddeviationswiththeF testwoulddependonthestress
levelsconsideredforeachmaterial,whichinturnwoulddependonthe
particularvalueschosenfortheirendurancelimits,itisfeltthat
thismethodisnotapplicableforusewiththesematerials.Forexample,
usingtheF testto comparevariancesat 40percentabovetheendurance
15mit,24s-T4+Lluminumwasfoundtohave~eaterscatterorlessscatter
thankco iron,dependinguponfietherthe@ue usedforthee@~ance
limitofthesluminumwas23,400psi (obtainedfromextrapolationofthe
testdatato ld cycles)or 20,0~psi(AlminumCompanyofAmerica

valueforendurancelMt at5 X 108cycles). m

..—
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However,a qualitativeindicationofthescatterinfatiguelifecan
be obtainedwiththerelativestandarddeviationV (inpercent).
EpremianandMehl(ref.2)reportedthatforsteelsanaveragevalueof
therelativestandarddeviationwas3 percentinthefracturerangeand
4 percentintheendurancerange.ExaminationoftablesIVandV shows
thattherelativestandarddeviationsfor24sand75Saluminumarecom-
parablewiththosereportedforsteel.Thelowervaluesof V atthe
highstressesfor24s-T4and,DS-T6shouldnotbetakenas an indication
thatthescatterforthesematerialsislowerthanthatforsteel.The
highstressesforthesealloysrepresenta greaterpercentageendwance
limitthanthatcoveredby Epremianandlleblforsteel,andhencethe
dataforaluminumatthesestressesarenotdirectlycomparablewithany
oftheirdata.

Thedatafor2Saluminumappearto showslightlylessscatterthan
thatfortheotheralloys.The24SandfiSalloysshowlargeincreases
inscatterat stresseswhichproducea meanlifenear107cycles,while
for2Sthescatterincreasesonlyslightly.It isinterestingto note
thattheaverageV for2Swas2.S7percent,whichisalmostidentical
withRaviJJy’s(ref.5) averageV of2.58percent.It isclearthat
the2Saluminumshowslessscatterinfatiguelifethanthatreported
forheat-treatedsteel.

DISCUSSION

EutectoidSteel

It seemslogicalthatmetallurgicalstructureshouldplaya rolein
determiningfatiguepropertiesandtheirstatisticalvariation.Inthis
investigationtheeffectofstructureas determinedby themorpholo~of
thecementitephasehasbeenisolatedfromtheothervariables.Since
thespheroidizedandpearliticstructureswereproducedfromthesame
heatofeutectoidsteel,theinclusioncontentmaybe presumedtobe the
SSltle in both. Thestructureswereatnearlythesametensilestrength;
therefore,theirmeanfreeferritepathsareaboutequivalent.Hence,
thelowerendurancelhit andsignificantlysmallerscatterofthe
pearliticstructuremustbe attributedtothedifferenceinmorpholo~
ofthecementitephasebetweenthetwostructures.

Ithasbeenrecognizedthatparticlesofa secondphasemay,ifthey
havesufficientlydifferentpropertiesfromthematrix,a$tas stress
concentratorsfortheinitiationoffracture.Thethin,angularcementite
lamellaeinpesrlitearemoreseverestressconcentratorsthanthemore
spheroidalcarbideparticlesofthespheroidizedstructure.Further,
thecementitelsmellaearemorereadilyfracturedthanthespheroidized

..— -—-- --.—.-——- — . .
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carbides.Therefore,thelowerendurancelimitofthepearliticstruc-
tureisattributedtothemuchgreaterstateof internalstressconcen-
trationproducedby thecementiteI_amellae.

Ithasbeenshownthatthelargerthetotalnumberofdefects,the
lessthescatterinthefracturestrength.Suchreasoning.wasusedby
EpremianandMehl(ref.2) intheiruseofa distributionof imperfec-
tions(inclusions)to explainthefactthatscatterinfatiguelife
decreaseswithincreaseinstresslevel.Thesamereasoningmaybe
readilyappliedtothecaseathand. Fortwospectiensofopposite
structurewithequalvolumeof second-phasecarbideparticles,an
applicationofthessmenominalstresstobothstrictureswouldresult
ina higherinternalstressconditioninthepearliticstructure.Thus,
fora givendistributionof secondphase,thepearliticstructurewould
havea greaternumberofeffectivedefectsand,hence,wouldhavethe
smallestscatterinthenumberofcyclesto fracture.

AluminumAlloys

An hportantreasonfortheinvestigationofaluminumaUoyswasto
testtheconclusionmadepreviouslyby EpremianandMehl(ref.2)that
aluminumshowslessscatterinfatiguelifethansteel,presumably
becauseitiscleaner.Epremian’sobservationwasbasedona calcula-
tionfromRavilly’sdata(ref.5)fortorsionalfatiguetestsonan
unspecifiedaluminumalJoy.Obviously,thedatapresentedhereinfor
24Sand~S alloysdonotshowlessscatterthanthatfoundforsteel.
Thedatafor2Saluminumdo showa lowerscatter.Thereappearstobe
no si~ificantdifferenceinscatterbetweenage-hardened24s-T4and
annealed24S-0.Themicrostructuraldifferencesbetweenthetwoare
notgreat.The24S-0structureconsistsofa fine
distributeduni.formlythroughoutthegrains.This
presentona microscopicscaleforthe24s-T4.

Thequestionofwhetherinclusionsareactive
inaluminumalloysisnotcompletelysettled.For

precipitateofCuA12
precipitateisnot

inpromotingscatter
aluminumalloyswhat

wouldcorrespondto nonmetallicinclusionsinsteelsrenotactually
forei~psrticlesbutareconsidereda constituentformedfromthe
elementsoflowvolubilitypresentinthealloy.Thus,for24Sand
ES alloysthisconstituentwouldbehardparticlesofanFe-Al-Si
ternaryconstituent.TheseparticlesaregeneraUymuchmorespherical
thansilicateinclusionsinsteel,theyaresmaller,buttheyarepresent
inmuchgreaternumbers.TheSAEmethodofratinginclusionsinsteel
doesnotgive% truerepresentationofthecontentof impurityconstituent
inaluminum.TheSAEinclusionratingfor24Saluminumwouldbe
~vd- ~21- D+,whichwouldbea lowinclusionrating
ever,thebackgroundrating,basedonthoseparticles
largerthan1/2inchwhenprojectedat100diameters,

forsteel.How-
whicharenot
ismuchgreater
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thanthatgenerallyfoundforsteel.Thus,itisnotexactto state
categoricallythataluminumiscleanerthansteel.Certainlythefatigue
statisticsfor24SandES alloysdonotbearthisout.

CONCLUSIONS

Thefatiguestatisticshavebeendeterminedfora plaincarbon
eutectoidsteelheat-treatedto coarsespheroidizedandcoarsepearlitic
structuresofthesametensilestrengthandfor24s-T4,24s-0,and
2S aluminumalloysovertherangeof105to 107cycles.Calculationof
datafromtheliteratureprovidedstatisticsfor75S-T6aluminumalloy.
Thefollowingconclusionsareinticated:

1.Thepearliticstructurehasa decidedlylowerendurancelhnit
thanthespheroidizedstructureofthesametensilestrength.

2.Thescatterinfatiguelifewassignificantlylessforthe
pearliticstructure.

3.Thescatterinendurancelimitwasmuchlessforthepearlitic
structure.Thedifferencewasnotstatisticallysignificsmt,although
itisfeltthatthedifferencewouldbe significantwereitnotfora
peculiarssmplingchance.

4. Thescatterinfatiguelifefor24Sand~S alloyswascomparable
withthatgenerallyfoundforsteel;the2Saluminumshowedslightlyless
scatterthantheotheraluminumalloysandsteel.

5.Thescatterinfatiguelifeincreasessignificantlywithdecrease
instresslevelforalJ.ofthematerialsstudied,forbothaluminumand
steel.

CarnegieIn&ituteofTechnology,
Pittsburgh,Pa.,September30,1952.
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MECHANICALPROPERTIESOFEU’I!EC!TOIDSTEEL

[Priorausteniticgrainsize,A.S.T.M.6; inclusion

(SAEmethod),4vd- 1.8~Wd - c]

rating

Ult 3mate Yield Reduction
Structurestrength,strength,Elongation,inarea,Rockwell

psi psi percent percent hardness

Spheroidite92,680 a71,130 28.9 57.7 B-92
Pearlite 98,180 b35,500 17.8 25.8 B-89

=?s=
%oweryieldpoint.
bO.1-percentoffset.

PROPERTIES

II

OF ALuMINtlMmoYs

Ultimate
Alloy strengbh,

psi

a24S-T4 65,4oo

YE

Yield ReductionI I
strength Elongation,~ ~ea,

(O.2-percent percent percent
offset),psi .

Brinell
hardnessI

40,950 23 34 93
U2,ao 22 42 42
------ 40 -- 25

a
Averageoffivetests.
bAverageoffourtests.

.- —. —.— .—-- .—-——.— ______
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TABLEIII
.

FATIGUESTATISTICSFOREUTECTOIDSTEEL

~estedonR.R. More machinesat 8,OOOto10,000rpri]

Unbiasedstandard Relative
Stress,m Mean standardestimate
psi

stankd Failures,
life,ti deviation,oferror,deviation,percent

G ‘logN V, percent

Spheroidizedeutectoidsteels

47,5(20~.333152.153X 105 0.1644 0.0367 3.09 100

45,0005.810406.462X 105 .2797 .0253 4.82 95
43,000 5.928298.478X 105 .2743 .0665 4.63 85
41,500 6.241271.743x lo6 .2713 .0904 4.35 45
40,000 ------- ------ ----- ------ ------ ---- a

Pearliticeutectoidsteelb

42,0005.182801.53x 1.05 0.0696 0.0174 1.35 100

38,8Q05.574523.75x @ .0823 .0184 1.48 100

36,0006.071.08l.a x lo6 .0920 .021.7 1.51 90
35,0006.299041.99x 106 .1644 .0387 2.61

34,0006.5u263.24x ~6
w

.34m .0987 5*25 50

33,500 ------- ---------- ------ ------ ---- 10
32,~ ------- ---------- ------ ------ ---- 5

%ean endurancelimit~, 41,550psi; a enduranceUt,
1,~ psi.

%ean enduranceLimit~, 34,000psi; u endurancelimit,
960psi.

v

.—
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TABLErv

FATIGUESTATISTICSFORALUMINUMALLOYS“

bestedonGeneralElectricvibrating-cantilevermachines]

IhibiasedStandard Relative
Stress, ~ Meamlife, standard estimate standard
psi F deviation,oferror, deviation,

a ‘JlogN V, percent

24s-T4(naturallyage-hardened)

32,400 5.06010 1.15x ld 0.0949 0.0254 1.87

26,400 6.~458 1.63XI.06 .1147 .0250 1.84

24,700 6.71513 5.19x 106 .2575 .0575● 3.83

24S-0(annealed)

17,230 5.36584 2.32x 105 “0.1332 0.0298 2.48

15,100 5.49396 3.12x lo5 .1230 .0263 2.24

12,600 6.16192 1.45x 1.06 .2305 .0516 3.72

12,200 6.9m98 8.34X 106 .5584 .1281 8.06

2s

1.1,ooo 5.43156 2.70X105 0.1237 0.0276 2.28

9,000 6.57186 3.73x lo6 .1773 .0443 2.63

8,000 6.99655 9.93x 106 .1961 .0449 2.81

——
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TABLEv

FATIGUESTATISTICSFOR75S-T6iLLOY

@at@2- cantilever-beammachines]

Unbiased Standard Relative

Stress LogN Meanlife, standard esthate standard
N detiation,of error, deviation,

c “logN V, percent

a62,500 k.mw 1.6X104 0.036 0.0079 0.9

a50,000 5.000 1.0x 105 .0702 .0140 1.4

b45,mo 5.2890 l.gkX105 .m24 .0491 3.82

bk-o,ooo5.3881 2.44x 105 .31a4 .0732 5.92

a37,500 6.3570 2.3x 106 .193 .0423 3*O

b35,000 6.1674 1.47x lo6 .2344 .0568 3.8

bm,ooo 7.=08 1.62x m7 .4113 .0545 5.7

%ata fromYenandDolan(ref.6);O.lko-in.-dism.specimen.

%ata fromDeb-nandBrown(ref.7);O.lw-in.-diam.specimen.
v

. . —
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